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ABSTRACT
An experimental study of the non-isothermal flow of air in a vertical 
pipe is presented in this thesis. A hot-wire anemometer probe was cali­
brated to simultaneously measure velocities between zero and ten feet per 
second, and temperatures up to 300°F. The heat transfer coefficients or 
Fusselt numbers for the low flow rates < 2000), determined from the
axial and radial variation of temperature, were found to agree with the 
analytical results of Martinelli and Boelter [23] who considered the 
effects of free convection on forced convection. The Kusselt numbers 
were higher than those given by the classical Graetz solution for constant 
wall temperature, and by the analytical results of Kays [1 6] for constant 
haat input. The ratios of maximum to average velocity for the non-iso­
thermal ’laminar^ runs, which were lower than the ratio usually associated 
with isothermal laminar flow, were observed to increase with decreasing 
Reynolds numbers and to increase with increasing mean temperature. For 
the large flow rates 5OOO), the velocity profiles were similar to
the isothermal profiles and the mean Kusselt nvunbers agreed closely wicn 
the results of Deissler [7 ]. The variation of fluid properties in the 
radial and axial direction caused the velocity and temperature to fluctu­
ate. These fluctuations were observed for all the non-isothermal runs, 
even at Reynolds numbers below 1000.
iii
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. NOMENCLATURE
The following symbols were used in this paper. The dimensions when 
given are in terms of mass (M), length (L), time (t), temperature (s), 
and heat (H).
2
Ag = surface area of pipe, L
C = calibration constant for hot-wire
C^ = coefficient in Equation (4-26)
Cp = specific heat at constant pressure, h/M0
d = diameter of hot-wire, L
D = diameter of pipe, L
f,F = indicates functional relation
/ 2g = acceleration due to gravity, L/t
,h = film coefficient, h/L^ te
= current in hot-wire, ma (u = C fps)
= current in hot-wire, ma (u = u^ fps)
k = thermal conductivity of air, H/Lt
1 = length of hot-wire, L
L = length of pipe, L
P = pressure, m /lt
q = rate of heat flow through pipe wall, H/T
Rg = gas constant
r = inside tube radius L
o
r, 0, X = coordinates in radial, angular, and axial direction
= velocity components in axial, radial and tangential direction.U, V, w
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ü = mean or average velocity, L/t
t = temperature in degrees Fahrenheit, 0
t^  = ambient air temperature surrounding the pipe, $
T = temperature in degrees absolute, Q
T = center-line temperature in pipe, degrees absolute, 0
c
W = measured weight flow, M/t
W = weight flow calculated from measured velocity and temperature
^ profile, M/t,
= Grashof number, /^ —5— |
WC g
= Graetz number, J -
N = Nusselt number, ho/k
Nu ■’ ‘
N_ = Peclet number, %  N__Pe ■’ Re Pr
C
N„ = Prandtl number, S,— Ü
Pr  ^ k
= Reynolds number, uD
"^ Re
3 = coefficient of thermal expansion, ^
m
= exponents in Equation (4-26)
= denotes functional relation. Equation (4-26)
^  = dissipation function. Equation (4-l6)
^  = second coefficient of viscosity. Equation (4-17), M/Lt
^ = absolute viscosity, M/Lt
A = denotes difference of two values, or small increment
^ = density of air, M/l^
'
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Subscripts
b = bulk value
m = mean value
r = at a particular radius, measured from the center of the tube
w = value at the wall
XX
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CHAPTER I
INTRODUCTION
The problems concerned with the study of heat transfer, velocity 
and temperature profiles, and friction factors associated with the flow 
of fluids in ducts have been the object of considerable experimental 
and analytical investigations for almost a century. The assumptions 
made in the various studies and the approximations applied to the equations 
of continuity, energy, and momentum still do not provide a simple solution 
applicable to all types of fluid flow problems.
In the studies of non-isothermal flow of fluids in pipes, boundary 
conditions, such as constant heat flux and constant wall temperature, 
are suited for theoretical analyses, and experimental apparatus can be 
constructed to duplicate these conditions. However, these situations 
seldom exist in actual equipment. In heat exchangers, it is difficult 
to obtain a constant wall temperature or a linear variation of wall tem­
perature, The performance or efficiency of chimneys, based on the draft 
or density difference, also involves an arbitrary wall or mean temperature 
distribution (variable heat.flux) along the axis.
The purpose of this investigation was to study the non-isothermal 
flow of air in a vertical pipe, the air being cooled as it flowed upwards. 
The temperature of the ambient air, that is, air outside the tube, was 
constant in the axial direction for each test, although it varied from 
test to test. This boundary condition, which would be more difficult to 
analyze theoretically, would be more analogous to the aforementioned
1
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2examples and thus have some practical application,
. ' I
One of the important parameters in heat transfer studies is the 
Prandtl number. This investigation, which was made with air as the flow­
ing medium, for which = 0.7 , has neglected this parameter as a variable. 
It has been included in the various equations and graphs for comparison 
with other studies.
Since this investigation involved two topics, the presentation has 
been divided into two parts. Part 1 deals with the hot-wire anemometer, 
which was used to measure the velocity profiles and some of the tempera­
ture profiles. Part 2 is concerned with the flow and heat transfer 
characteristics of the air flowing in the pipe. The experimental study 
has been confined to gOO <" <  10,000.
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PART 1
THE HOT-WIRE ANEMOMETER
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CHAPTER II
THE HOT-WIRE ANEMOMETER
In low speed aerodynamics, instruments are required to determine 
speeds of a fraction of 1 fps to I5 fps and higher. The use of a pitot- 
static tube for measuring velocities above 10 fps is well known, but at 
lower speeds the differential pressure generated by the flow becomes too 
small to be measured with convenience and accuracy. The hot-wire anemo­
meter is an instrument for the measurement of instantaneous fluid veloci­
ties ranging from 0 fps to supersonic values. The principle of measure­
ment is based on the fact that the heat transfer from a heated cylinder 
(or wire) to a cool air stream depends on the velocity of the air over 
the cylinder. However, below 1 fps natural convection of the air, caused 
by the heated wire, must also be considered.
The major application of the hot-wire anemometer has been in the 
study of turbulence in fluid streams [1, 4, 28, but other uses in­
clude the measurement of average velocities, temperature and temperature 
fluctuations. In this project, for = 10,000, the velocities in the
vertical tube were less than 10 fps. Therefore, a hot-wire probe was 
calibrated to provide the accurate measurement of velocities from 0 to 
10 fps.
The following sections include a brief discussion of (1) previous in­
vestigations, (2) the hot-wire system that was used, (5) bhe calibrating
^A more complete list of additional references may be found in references
[1] pp. 268-270, and [4] pp. 30-52.
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4device and procedure, and (4) some of the values obtained by the calibra­
tion,
A. Previous Investigations
Kemp conducted studies on the use of hot-wire anemometers in
low speed flow. He was mainly concerned with the construction of a stable 
hot-wire system which could be used as a standard device for the calibra­
tion of other instruments in the speed range 0.1 to 15 fps. The hot-wire 
system consisted of a nichrorae heater wire and a copper-constantan thermo­
couple wire encased in a silica tube. However, the size of this tube 
(1.0" long by 0.032" diameter) make it unsuitable for rapid measurements 
in a flow field in which the velocity and temperature are both changing.
The application of a thermistor for the study of low velocity was 
made by Broer et al. [2]. Special consideration was given to velocities 
below 0.5 fps, where the effects of natural convection had to be considered. 
The thermistor was quite large (10 mm long by 2 mm dia.) and thus slow to 
react to changes in velocity. The effect of changes in the temperature 
of the flowing air was more noticeable with the thermistor compared with 
other types of hot-wire systems. The important result, however, was that 
the effects of natural convection, radiation, conduction to the end 
supports, and changes in the air temperature could be eliminated in the 
calibration.
Although the hot-wire anemometer can be used to measure low veloci­
ties accurately, the experimental determination of velocities has been 
limited to speeds above 2 fps. No experimental results were found for the 
simultaneous determination of temperature and velocity in the ranges en­
countered' in this investigation.
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B. The Model Hot-Wire Anemometer
Flow Corporation, Model HWBJ, hot-wire anemometer equipment was used 
for the velocity measurements. The basic circuit of this anemometer is 
shown in Fig. 1, and the details of the hot-wire probe are shown in 
Fig. 2. From Fig. 1, the hot-wire has been placed into one of the arms 
of a Wheatstone bridge, the four corners of the bridge being B,, B_, B ,
1 C 5
and B|^ . Other important elements of the circuit are the fixed resistances
•
and variable resistances R^ and Rj^ , and the ammeter, voltmeter
and galvanometer, denoted respectively by A, V, and G. The resistance 
'R^ ' is constant when the wire is operated at a constant resistance 
ratio, RR, that is, the ratio of the resistances of the heated and unheat­
ed wire. There are 10 different temperature or resistance ratios (10 
values of R^) at which the hot-wire may be used, the higher the tempera­
ture of the wire, the more accurate is the evaluation of the velocity.
Since the wire current is used to measure average stream velocity, 
a special precision current measuring circuit has been built into one of 
the galvanometer circuits. The bridge can be balanced within 0.1^ using 
a 1 ma. heating current and the current measurements are accurate to - l/4 
ma. Magnification of the galvanometer meter increased the accuracy to 
- l/8  ma.
Changes in the temperature of the air flowing past the wire were 
compensated by the adjustment of the bridge null resistor, R^. The use of 
the value of R for the measurement of temperature is discussed in a later
5
section.
The two-needle supports on which the wire is mounted have low resist­
ance and large surface area (compared to the wire) and, therefore, remain
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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Wire
FIG. 1 - BASIC HOT-WIRE BRIDGE CIRCUIT
150 Teflon
Insert 0.0005 Wire
0.10
 1.31 -
(Dimensions in inches)
FIG. 2 - DETAILS OF HOT-WIRE PROBE
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7at the temperature of the air stream. Since the wire temperature is 
greater than the surroundings, three modes of heat transfer are present; 
conduction, convection, and radiation. The heat loss by conduction, and 
by free and forced convection can be grouped together when a hot-wire is 
calibrated. The loss by radiation to the surrounding walls can be shown 
to be negligible.
C. Calibration of Hot-Wire Probe
The relation between the current necessary to operate the hot-wire 
at a certain temperature and the velocity of the fluid surrounding the 
wire is given by a modified form of King’s equation,
,2 2
(2-1)C
"l = P
where is the value of the current required in still air at a tempera­
ture T^, is the value of current corresponding to the velocity u^,
also at T , C is the calibration constant, and P is the absolute static 
o ’ ’
pressure, in atmospheres. Assuming equation (2-1) can be used down to 
0 fps, only two points are required to generate the calibration curve, 
one in still air, the other at some measurable velocity. However, dis­
crepancies were noted between this equation and experimental results, ex-
pecially below 2 fps.
A calibration device was, therefore, built for two purposes: (1) to
obtain a calibration curve to cover the range of velocities from 0 to 10 
fps, and (2) to obtain the correction for different temperatures of the 
fluid stream.
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. :8  
The results presented in the following sections and those in 
Appendix A-1 and A-2 are,for a 0.0005" diameter platinum wire, and thus 
pertain to this one particular wire only. The use of tungsten wires, 
0.00015" and 0.0002" in diameter, was also studied. However, the platinum 
wire was superior to the tungsten wires in the measurement of average 
velocities since (l) the current requirements were higher and thus could 
be measured more accurately, and (2) the slope of the current vs. velocity 
curve was greater in the low speed range (velocities below li- fps). A com­
parison of the values obtained with the three wires can be found in 
Appendix A-5. , . ; ■
(a) Calibration Device
The calibration device for the purposes outlined above is shown , 
schematically in Fig, 3* (See also Fig. D-1) Basically, the air entered 
the enclosed fan through an orifice, the fan forcing the air over the 
heating element into a counterflow arrangement of tubes and then out 
through a diverging nozzle. The flow rate entering through the orifice 
was measured with a hypodermic pitot tube at the exit of the diverging 
nozzle (static pressure assumed zero). The inlet to the fan was placed 
to the side opposite the orifice so that the pressure drop across the 
orifice could be measured by means of the static pressure tap. It was 
then possible to relate the flow rate to this pressure drop.
To obtain the required velocities in the inner copper tube, and since 
the fan speed could only be slightly varied, three orifices (O.306", O.ÔÛO",
1.000" diameter) and two nozzles (O.3I2", 0.625" diameter) were used.
The hot-wire probe was inserted approximately I/I6" downstream of 
the bell-moiithed entrance.'The shape of the entrance established the flat
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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Pitot Tube
Nozzle
Heating
Elements
Copper Tube
Insulation
Itaticressureap
— Hot Wire Probe
Orifice r- 
plate— » J
- Polished Metal Plate
Wire Screen
FIG. 3 - APPARATUS FOR ?HOT-WIRE» CALIBRATION
Not to Scale
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velocity profile, and the counterflow arrangement of tubes was required 
for the flat temperature profile. A metal plate was placed opposite the 
bell-shaped entrance to reduce the radiation effects.
(b) Velocity Calibration
The hot-wire probe was calibrated at k resistance ratios at a constant 
air temperature. The angle between the hot-wire axis and velocity was 
kept at 90° (- 5°). The results of this calibration are shown in Fig. 4.
(c) Temperature Correction in Velocity Measurement
If the temperature of the air is increased, the power input to the 
hot-wire must be increased to maintain a constant resistance ratio. The 
air temperature was, therefore, varied between 75 and 200°F, at 3 
different velocities to obtain the temperature correction to the current 
requirements in velocity measurement. These corrections are listed in 
Table 1, where AI per 10°F is the increase in the current required when 
the air temperature was raised 10°F, the velocity remaining constant.
Table 1; Temperature Corrections at the 4 Resistance Ratios
RR AI per 10°F 
(ma)
1.2 0.209
1.5 0.258
1.4 0.502
1.6 0.368
Additional tables for the velocity calibration and temperature com­
pensation can be found in Appendix A.
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122
114
106
■U
Velocity - ft/sec
FIG. 4 - WIRE CURRENT vs VELOCITY AT 4 
RESISTANCE RATIOS (T = CONST:)
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(d) Correction for Change in Wire Resistance
. ..
The hot-wire calibration curves, shown in Fig. 4, were based on 
values taken at the time of calibration. It was noticed, however, that 
the resistance of the wire gradually increased with use, possibly due to 
aging of the wire. When the wire resistance increased, the current re­
quirement became less for a specified air velocity over the wire.
The change in wire resistance could be eliminated for a particular 
resistance by periodically checking the value of the required current in* 
still air (l^). Since the values of I^ and I decreased by only small 
amounts, the value of the current ratio (l^/l^) remained essentially " 
constant. Fig. 5 shows the variation of I^/l^ with velocity for the 4 
resistance ratios. Equation (2-1) is also shown in Fig, 5 with C = 12,0 
and P = 1 atm. The deviation of equation (2-1) from the measured values 
is apparent below 2 feet per second. Since King's equation was derived 
for forced flow over a cylinder, the deviation could be due to natural 
convection over the heated wire.
D. Temperature Measurement Using Hot-Wire
Temperature and temperature fluctuations could also be determined 
with the hot-wire, since an unheated “hot-wire" is a simple resistance 
thermometer, with great sensitivity and rapid response. By allowing a 
small amount of current ('^  5 ma.) to pass through the wire, the wire and 
the air temperature were essentially equal. The bridge, Fig. 1, is then 
balanced by adjusting the bridge null resistor, R^. The value of can 
then be used as an indication of air temperature.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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Using the measured values of air temperature, as obtained with a 
thermocouple probe, and the values of bridge null resistance, the follow­
ing relation was verified;
®A- (2-2)
where
F -o
*= unknown temperature, °R
= known temperature, °R
= bridge null resistance at
B = bridge null resistance at T o * o
Temperatures could be measured within - h°F at 200°F (- 0.$# of the 
absolute temperature) using the hot-wire.
Since the platinum wire was attached to the needle supports with 
400°F solder, the hot-wire probes could not be used when the temperature 
of the air surrounding the wire exceeded 5OO F,
E. Conclusions
Calibration of a hot-wire probe is required when velocities below 2 
fps are encountered to eliminate any natural convection effects which 
occur. King’s equation (2-1) can be used for higher velocities.
The accuracy of the temperature measurement increased when wires of higher, 
resistances were used but the lower resistance of the platinum wire pro­
vided a more reliable velocity measurement.
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PART 2
NON-ISOTHERMAL FLOW OF AIR 
IN A VERTICAL TUBE
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CHAPTER I I I
LITERATURE SURVEY
The purpose of this chapter is to discuss some of the important 
results of the various investigations pertaining to the flow of fluids 
in tubes. The numerous analytical and empirical equations can be found 
in the various texts [5, I5, 21, 24], and some of these have been Included 
in Chapter IV of this paper. These equations have, therefore, been 
omitted from this chapter.
Graetz, in I885, was one of the first to predict analytically the 
heat transfer characteristics for a fluid flowing in laminar motion in 
a tube. Most of the analyses since that time can be grouped under five 
main conditions or assumptions. These are: ; . : -
(i) constant and uniform wall temperature,
(ii) linear variation of wall temperature,
(iii) constant and uniform wall heat flux,
(iv) velocity profile fully developed and,
(v) constant fluid properties, i.e. fluid properties do not 
vary with temperature.
In an experimental study involving the laminar flow of oil, Keevil 
and McAdams [I8] concluded that viscosity is the predominant factor, when, , 
as the liquid was being heated or cooled, the velocity profile becomes 
flattened or elongated respectively in the center of the tube. Yamagata 
[39] made analytical studies on gases and found the distortion to the
15 ; : v" : '
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
gas is heated or cooled, ci
parabolic velocity profile is reversed frori uhct of the licui.: .h .
:o the variation of viscosity with c.. p srrrt 
Analytical investigations vere also nade by Deissler [6, 7] for bos' 
turbulent and laminar flov. she hoes transfer resul 
showed closed agreement wish she available experimental 
the gas properties were evaluated at a tc 
of the wail and bulk temperatures. The :
:s r OcT nur
'.c', o*> i'n
friction factors, and velocity and te.vpe:
-c;,.cns ror :.ussei;
also indicated the need for a representative temperature at which s.. 
evaluate the gas properties. The results of the analysis for Icminsr 
flow agreed with previous studies [IS, pQ], i.e., the racral varieties, o: 
fluid properties caused a flattening of the velocity and temperature 
profiles for heat extraction from the gas. However, in both cf the 
aforementioned studies, buoyancy effects were not considered.
Kays [16] studied the laminar flow of gases in tubes analytically, 
and presented numerical solutions. His investigation was concerned with 
three types of,problems, with the velocity profiles either developr.-v or 
fully developed:
(1
(ii
(iii
constant war! temperature
constant difference in hue temperature of tne wall and f1. 
constant heat innut.
Significant differences in the values of the Hussclt nunmer were 
for the three cases studied, further, a subs_antial increase in
tansfer coerrxcrent occurrc
(developing velocity prorxic; were xnm
The correlated results indi 
heat transfer coefficient tor non-xso^n
- " O'- i .
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and the ratio of the wail to bulk temperature (T /w '
X/ " O ' "
The effects of property variation were calculated by Pigford [ayj 
for the laminar flow of.fluids inside vertical rubes. Based on a constant 
wall temperature, and using a ratio of the viscosity at the bulk tempera­
ture to the viscosity at the wall temperature, ( u . J , the effects o_. 
variable fluid properties were s'ho’on to depend on a natur^l-convection 
modulus, or modified Grashof number. However, the velocity profile v.us 
still distorted even in the absence of natural convection,
lianratty and Rosen [ly] solved the equations of motion and energy to 
predict the magnitude of the distortions in the flow field caused by vary-- 
in g viscosity and density, and their effect on the heat transfer rate t:, 
fluids flowing in vertical tubes. The shape of the velocity profiles for 
liquids xvas shovn to be a function of the ratio of the Grashof to Reynolds
number. The velocity at the center of the pipe x-ms found to reverse
Ndirections for values of G-r \ IPQ.
^Re
Further experimental studies [Ih, yO, yl] were made to determine t.ie 
effect of heating and cooling water flowing a vertical pipe mb low 
Reynolds numbers. The l/d ratios varied from cO to 762, with an entrance 
section (l/d ^  30) to allow the velocity profile to become fully developed 
before reaching the heat transfer section. Dye was injected into t,. ^ 
stream below this section, and three distinct flow regions were observer 
when the water, flowing upwards, v.-as heated;
(i) The entering parabolic profile is distorted rn such a way
as to accelerate the fluid near the wall, causing tne m i d  
near the center to slow coxae.
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(ii) The fluid in the center it decelerated to sue., an extent 
that'the flow is reversed,
(iii) Far enough downstream, this inverted region of flow becomes 
unstable and a region of turbulent flaw is obtained.
They concluded that the mechanism of the transition to an .,ddying f". ■ 
consists in the appearance of small disturbances, which grow in extent 
and amplitude, and then break into fluctuations characteristic ' tur- 
bulent flow. Unsteady flows ware noted for Reynolds numbers as low as 
50 and for temperature differences between the wall and inlet flt.l. as 
low as 10°F.
Experimental investigations of laminar flow, with an entrance sa::icn 
to ensure fully developed flow, and using air as the flowing medium, have 
been made primarily to determine heat transfer characteristics and friction 
factors [5, 27]. The results agreed with the Graetz solution. Gulati [IGj 
considered the effect of variable fluid properties, and racer the sum­
ption that the laminar parabolic profile would exist under isothermal 
conditions, used the measured temperature profile to determine the 
velocity profile. His results indicate that buoyancy forces predominate, 
such that, when air is cooled in upward flow, the flow in the cent ' cf 
the pipe was accelerated, causing an elongation of the velocity profile.
Ivatzinger and Johnson [ySj stun  the heat cransfer characteristics
of water being cooled when flowing dcx-.m insane a vcr^ica^ \_ -- at, .
Three regions were detectedj ^1j tne neat L^a^s^C- coe^^—^le^- 
solely on for IcOG, (u) husoclt ..U;..ooi iS u, muuc^ o^.. o..
both H and for IcOO 4 a. ^ Z 460G, and [y) l-cu m.^ucnce o.:. --te
GoT i.\.G
convection became negligible ror N,,. koCO.
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The effect of viscosity variation cc the velocity profile has lean 
considered when a gas, flowing laminarly upwards, is cooled [59]» ■ I'- ct
the viscosity is lower at the wall, the velocity is higher a: 
the velocity profile is flatter. The buoyancy effect, however, has ' 
neglected. Since the temperature is higher at the centre, the buoy,.,, 
effect or lift force is greater and thus would tend to elongate the 
velocity profile.
No experimental results (velocity profiles; were ava,.lable for . 
flow condition which was encountered in this project, nc:cly, heat 
extraction from air flowing upwards in a vertical tube, with the ambi 
air (air outside the tube) kept at a constant temperature, and a sir.;, 
eous development of the temperature and velocity profiles.
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CHAPTER IV 
THEORETICAL AND EMPIRICAL CONSIDERATIONS
The analyses of fx:w in tubes have been very extensive and several 
of the investigations were discussed in Chapter III. .A rigorous 
theoretical treatment of non-isothermal flow involves the simultaneous 
solution of the equations of continuity, state, momentum, and energy, 
but no such solution has yet been obtained due to the non-linear ter 
which appear in the differential equations. However, by using methods 
such as (1) order of magnitude analysis, (2) prescribed velocity and/or 
temperature distributions, and (p) assuming steady and incompressible 
flow, many of the terms in the equations can be eliminated, and exact 
solutions can be obtained.
In general, the flow of fluids is divided into txvo regions, 1-sminar 
and turbulent. The critical Reynolds number, , the Reynolds number
at which the flow can no longer be considered laminar, has an approximate
value of 2000, based on experimental data. The effect of disturbances by
the entrance or within the fluid can be eliminated to a great extent and
values of of 20,000 and higher have been obtained. On the other
cr
hand, values as low as pO have also been reported [pO].
One of the major problems in correlating the heat transfer r’^„alc.. 
has been the choice of temperature at which to determine the fluid pro­
perties. The three most cotmon temperatures usee are the talk, arc­
tic mean, and log mean temperature, given respectively by.m
10
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s  -
/ ; ■
c t u r dr 
P
r c u r dr P
21
(4-1)
(4-2)
Atl.m.
- '^■^2 
k  i l i
A  t.
(4-3)
where At^  ^Is the difference between wall and mean temperature at the 
position 1.
The choice of temperature depends somewhat on the problem being con­
sidered, and the dlmenslonless parameter used! For example, the Reynolds 
number In pipe flow Is based on the bulk temperature. Deissler [?] 
eliminated the effect of variable fluid properties by using temperatures 
such as
'0.4
"o.6 - 'b + (k-kj
The Important parameter In heat transfer studies Is the heat transfer
%
coefficient or Nusselt number, . The local Nusselt number Is given by
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h D
^Nu = - f —  (t-;)
where the film coefficient, h_, is given by
\  =   —  (4-6)
Ag A £
The A t in. equation (4-6) is usually taken as the differ..nee between tl.e * 
bulk fluid temperature and wall temperature. The heat transferred, 
to or by the fluid can be evaluated if the temperature profiles are known 
by means of the following equations,
P L . ^
and
where is the mean value of the specifre heat.
3y applying dimensional analysis to heat transfer problems"*, tV. fo: 
of the relations which will' determine the convective film coefficlaar 
be found. Problems dealing with forced convection can be shovm to be 
governed by an equation of the form
^See for example references [p, 21j
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-V
 ^ \e, Lr) "  ^ (4-9)
or, since the Nusselt number is the required parameter, by the function., 
relation
« m  ' : < V  hr)
Similarly, problems of free convection can be represented by the follow­
ing equation;
h u  = f (*Gr, hr) h - U )
Thus, the study of the effect of free convection on forced convection 
results in the following;
The above relations, based on constant fluid properties, ao.r.etimes 
do not produce a satisfactory correlation. The addition of a dir;.-'..;.icn- 
less parameter to account for the temperature dependence cf one or mare 
of the fluid properties and another parameter for some geometric raaio 
has been usually required to give the necessary correlation. (For example, 
equation 4—29)
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(a) Theoretical
As mentioned previously, the equations of motion, continuity, etc, 
must be solved simultaneously. In cylindrical coordinates, letting 
(r, 9, :■:) be the radial, angular, and axial coordinates, and (u, v. v.') 
be the velocity components in the axial, radial and tangential ii.'tction.
the Kavier-Stokes equations of motion inccmoressible flui..
w
r
oP
or
V 2 or (t-lya)
F
Dw
Dt
VX-: _ . c
r Ô0
OV
OÔ
ryo j
o à:-: (4-15C)
vmere _DDt
Ô
ot ox 57 09
V
5r" r oi
o
o9"
(4-ip)
and R , S , and Z are resoectively the r, S, and x - wise body force • „ro' O' o ' ' ' '
unit volume of the fluid. The buoyancy or lift force 
is usually written as where (3 is tne cce-:;;:. -
equation (4-lÿc)
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The energy equation may be written as
DT
f  =P DC
ÔQ
dt •‘(S 5i O 1r do ox
is the dissipation function given b}
( OV cw\
3 7; " (I)} ou OVa )dxy
2
OV
dx dr
i OV
"r 00
OV7
37
3v
or
1 dv;
7 3e
Ciu
ox (4-17)
where \  is the second coefficient of viscosity and is given by
The equations of state and continuity are given respectively by
(4-_9)
3(
or
1 dw p 
r 37"
cufi
(4-20)
For steady, isothermal, laminar flow through a .long, straight pipe 
of circular cross—section and negiectrng -he ouoyancy i_eii-, -nc ecu»-.--ons
of motion and energy reduce to 1 2 2 1 3 4
UNIVERSITY OF WINDSOR LIBRARY
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A
dr^
1
r
du
dr
C '- ’
(s— £..a)
{ h - l
Ic
3r2
«f —
r 0%
The solutions for the velocity and temperature distributioncar: be :ho\m 
to be
i k
Ï = T +. (T - T ) r w c w 1 -
(4-2;)
(4-24)
Graetz studied the heat transfer characteristics (non-isothermal 
flow) for forced convection flow of fluids in pipes. The following 
assumptions were made;
(1) viscous dissipation is negligible (6 = 0)
(2) velocity profile fully developed and given by equation (4-2ÿ), 
(w = V = 0)
(3) constant fluid properties
(4)
dx"
\
can oe neglected j 2_i
dry.dx"
d(3) radial symmetry, ^  = 0
« 6'^ ' ^
(6) constant wall temperature, = 0.
ox
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The energy equation, therefore, "becomes ;
ÔT _ k 1 Ô / bn]
. ' W . 37 - 7  5r ( ^  5?;
(4-25)
The solution of equation (4-25), with T as a function of both x and 
r is given in the form of an infinite series
Tr - T,
n
£ C 0 . n n , 
n = 0 \ Oi
r
t " exp N.Pe
(4-26)
where are coefficients, ÿ (— ) are functions of (— ) determined by
o 0
the boundary conditions, and are exponents, also determined by the 
boundary conditions. Using equations (4-5), (4-6) and (4-7) ; 
the heat transfer coefficient can be written as ;
Nu
A v  2 p
n = 0 L e J
Tl — UP
2 V '  n t
n = 0 2pn
(4-27)
The various terms in equations (4-26) and (4-27) may be found in the refer­
ences [33, 38]. Other boundary conditions such as
(a) linear variation of wall temperature = constant^
(b) constant heat i n p u t = constant]
^  /
have been used in conjunction with the various assumptions regarding the
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2o
type of velocity distribution (u = constant, or velocity profile _;velcp- 
ing) to give a variety of solutions [l6],
Martinelli and Boelter [2;], considered the heat transfer character­
istics in a mixed regime of free and forced convection. Assuming the 
velocity profile to be fully established, the following equation was 
obtained:
m
0.7- 4/2
+ 0.0722 f Ztpr (4-28)
(b) Empirical
The theoretical results have been modified to some extent to explain 
the deviations from experimental results. The effects of variable 
fluids properties, entrance length, and buoyancy force or natural con­
vection have been considered and, along with the various boundary condi­
tions discussed in the previous section, have resulted in numerous 
correlations. These correlations, however, have been mainly confined to 
the heat transfer coefficient.
One of the studies was made by Seider and Tate l32]. Considers:ion 
was given to entrance length and variable fluid properties, anc the follow­
ing equation was developed:
. 1 /5  1 /3  a V 3 ..b “ •
= i - 8 S ( V  ( L A  y  ( ? )
ra ' w
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3. Turbulent Flow
The analysis of turbulent flow is much more difficult due prii. - rlly 
to the fluctuating quantities that must be included in the equation^ of 
motion and energy. The problem is further complicated ■ three
regions, the laminar sublayer, the buffer layer, and turbulent core 
must be considered, A theoretical analysis has, therefore, been omirtei 
here but several of the more useful empirical equations will be given.
The velocities associated with turbulent flow are greater than 
those of laminar flow, and the effects of natural convection can usually 
be neglected. For fully developed pipe flow, the velocity distribution 
given by
umax
= ) (4-50)
has been found to agree closely with experimental data for less tlurn 
100,000.
The equations for heat transfer can be developed in a manner jir.ilf. 
to laminar flow, the changes being in the values of the constant and the 
exponent. McAdams [25] suggests the following equation when cooling a 
gaS;
0.8 0.5
- 0-023 ( V  (V) (t u)Ku ^  ^Re' '"pr
provided the temperature difference (t.^ - t^ )^ is less than 1G0°F. For 
larger temperature differences, Seider and Tata [;2] developed an empiri­
cal relation to account for variable fluid properties, which is given by 
 ^ the expression
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
30
0 .8 1 /3 ' 0.14 . .
%u ' °’°27 ("Be) (^r) (t-32)
4 .4
Inlaminar flow, the entrance length had to be considered since the 
velocity and/or temperature profiles required a substantial length 
(more than 8o diameters) to become fully developed. These profiles 
develop much more rapidly in turbulent flow ('^  15-30 diameters) and the 
effects for l/d < 60 could be found by the following relation ([24] pg 226).
ri = 1 + (4-33)
he ■ ■
where h^ is the mean film coefficient from x = 0 to x = L and is the 
mean film coefficient for much larger values of L.
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CHAPTER V 
APPARATUS AND INSTRUMENTATION
Chapter II was concerned with the hot-wire anemometer and its use 
in the determination of velocities. The purpose of this chapter is to 
deal with the apparatus and instrumentation required for the second part 
of this investigation, namely, the non-isothermal flow of air in a 
vertical tube.
A. Basic Description
Most of the apparatus' used in this study was built for a previous 
investigation [10]. The air was delivered from the fan into a 5' 
diameter duct, followed by a short coverging section, then into the 
measuring tube. From this tube, the air entered the furnace through a 
diverging section. After passing over the heating elements, the air 
entered the aluminum test pipe. A schematic diagram of the equipment is 
shown in Fig. 6.
B. Fan and Volume Control
The air was supplied by an American Standard, Size IV, centrât_gal 
fan, driven by a 5 phase, G.E. I/3 HP electric motor. The amount of air 
entering the system was controlled by means of a circular metal plat^ ., 
which could be moved to and from the fan outlet along a threaded rod.
Fig. D-2. A short, flexible plastic section was installed on the fan 
outlet to prevent any vibration effects from being transmitted to tr.e 
measuring station and test section.
5'i
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C. Measuring Station
The quantity of air flowing into the test section was determined 
by a 20 point velocity traverse across the tube, the measuring station 
being 10 feet from the entrance of the tube. Depending on the flow :: :e 
desired, two tubes .were used; a 1.026” ID copper tube for rates between 
10 - 60 lbs/hr, and a 1.584” ID brass tube for rates between pO - 200 
lbs/hr. The static pressure was measured by naans of a piezometer ring, 
consisting of three 5/I6” O.D. brass tubes, centered over 0.Op” diameter 
holes equally spaced around the circumference. The total pressure was 
measured with a 0. 04-7" ID stainless steel hypodermic tube, bent 5/4” 
from one end. The details, of the measuring station are shown in Fig. 7 
and D-5.
D. Calibration of Measuring Station
As mentioned previously, a 20 point velocity traverse was used to 
measure the flow rate. 3y taking a number of such traverses at different 
flow rates in both tubes, the results as shewn in Fig. 8 were obtain-c, 
the ratio of average velocity to center line velocity having a value of
0.82 over a wide range of flow rates. The toual pressure tube was, 
therefore, left in the center of the measuring tube and the average 
velocity or flow rate was determined by che one velocity measurement.
E. Furnace
Air from the measuring tube entered the furnace through a she^t 
metal transition. A wire mesh screen was installed below the heaters 
to distribute the air uniformly across the heating elements. The elements 
consisted of 5 Nichrome wire electric heaters, 4 of which were pCOO watts 
each. The fifth heater, rated at 2000 watts, was connected ro a variac
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FIG. 8 - CALIBRATION OF MEASURING STATION
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providing fine control to the terr.perature of the air leaving the fv.rnace. 
The furnace was covered with 2" magnesia blocks to reduce heat transfer 
to the surroundings. Wire screens were also installed at the exit of the 
furnace in an attempt to eliminate any eddying motion. The terr: ; ratura 
and velocity profiles at the entrance to the test section were measured^ 
and found to be reasonably flat. The furnace is shotm in Fig. D-4.
F. Leakage
A test for leakage of air between the measuring station and the 
furnace exit was made by blocking the exit of the furnace and noting the 
pressure measurements at the measuring station. The pressure in the ’ 
system was more than 25 times the normal pressure (unblocked exit) and 
the maximum leakage was less than Vp of the flow.
G. Test Section
An aluminum pipe, feet long, 4 . ID, 4.50" O.D. was used as 
the test section, A piezometer ring was provided approximately 18" from 
the furnace exit to measure the inlet pressure. The measurement of 
temperature and/or velocity profiles were made at stations located: -
2.0, 4.5, 7.5, 10.5, 15.5, 16.5, 19.5, 22, 26.5, 29.5 and p2.5 feet from
the entrance.
K. Temperature Measurement
The temperature of the (l) ambient air, (2) surface of the al.minum 
pipe, (5) air in the measuring tube, (4) air at the furnace exit and 
air at the various stations mentioned in the previous section w-as measured 
with 26 gauge iron-constantan thermocouple wire. A calibrated tnerr.cmeter 
(- 0.1°F) was used to calibrate an ordinary laboratory thermometer to 
measure the temperature of the reference junction, and to calibrate the
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thermocouple probe.
All the thermocouples were connected to a Thermovolt Instru..._nts 24 
point rotary switch, which in turn was connected to a Model No. 2jh^, 
Honeywell Potentiometer.
I. Pressure Measurement
A laboratory barometer, accurate to d 0.01” Hg. was used for the' 
measurement of the barometric pressure. All other pressure measurements 
including total and static pressure at the measuring star, n the static
pressure in the test section, were made with a Model lad 5 Micrc:.L c.'.cr,
manufactured by Flow Corporation. The liquid used in this manometer.was 
Butyl Alcohol, the density of which was checked with a Chainomatic 
Density Balance and found to be 50.4 lbs/ft.^, correct to 0.2^ for a 
fluid temperature between 70 and 85°F. The micromanometer could be re'ad 
to 1 0.0002" of the liquid column over a 2" range.
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CHAPTER. VI
EXPERIMENTAL RESULTS
This investigation was concerned wich the heat transfer characear- 
istics and the radial variation of velocity associated with the non- ■ 
isothermal flow of air in a vertical pipe. The major portion of the 
study has been in the laminar region ( M , 2000) although several runs 
were made at higher Reynolds numbers for purposes of comparison and 
continuity.
The readings for each run were divided into three sections. These
were:
1. (a) Barometric pressure
(b) Ambient air temperature along the length of the aluminum 
pipe
(c) Velocity pressure and air temperature at the centre line 
of the measuring station.
(d) Hall temperature at the various test sections, (l/d = 5-5,
12.4, 20.7, 29.0, 37.3, 45.6, 53.9, &0.8, 73.3 an.. 85.9).
(e) Temperature of the air entering the aluminum test pipe.
2. Radial temperature variation at the test sections.
3. Velocity distribution at l/D ratios of 53.9, 73.3 89*9, when
possible.
The readings listed under section 1 were checked periodically to ensure 
that no values changed after a steady state condition was obtained.
V.;8
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A. Heat Transfer Results
The variation of mean ternoerature (t ), wall temperature ft ), a;... 
local Nusselt number ) with l/d ratio are shown in Figures 9 to I7.
Figure I8 shows the variation of the local heat transfer coefficient 
with the Graetz number 2000), the experimental results represented
by curve 6, The mean of average Nusselt number is plotted against the 
inlet Reynolds number in Figure I9, curve 3.
B. Velocity Profiles and Ratios
The velocity profiles, obtained in section 3, for a number of non- 
isothermal runs and at the 3 l/d ratios are shown in Figures 20, 21, and 
22. The variation of the velocity ratio with local Reynolds number for 
the non-isotherraal 'laminar' runs is shown in Fig. 23.
It was found necessary to make a number of 'isothermal' runs to 
determine the variation of the velocity ratio with l/D ratio up to and 
including the values listed in section 3. These runs, along with one 
non-isothermal 'laminar' run and two non-isothermal 'turbulent' runs are 
shorn in Figure 24.
C. Accuracy of Velocity Measurement
The accuracy of the velocity measurement, based on a comparison of 
the measured weight flow with the calculated weight flow, was approxi­
mately -h 5^  for any of the resistance ratios used. Since this accuracy 
produced a- large variation in the value of the velocity ratic_ ("r.azx ^
Ü
three resistance ratios were used to measure each velocity. By taking 
the average of the three velocities so obtained, the calculated weigat 
flows were consistently within 2^ of the measured flow rate. .
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CHAPTER VII 
DISCUSSION
A. Axial Variation of Temperature
From the curves shown in Figures 9 bo I7, it can be observed that 
the mean temperature variation in the axial direction changed with in­
creasing flow rate. At the lower flow rates /C 2000), the mean air
temperature decreased very rapidly in the first 50 diameters, whereas 
the mean temperature variation for the higher flow rates )> 4,000)
was not as steep in this section but remained fairly constant over tne 
length of the pipe. Similar results were observed for the axial 
variation of wall temperature.
■ B. Heat Transfer Characteristics
The variation of the heat transfer coefficients or local Nusselt 
numbers with l/d ratio for the present investigation, have been shc.-ni' in 
Figures 9 - 17, and tabulated in Appendix G. Although considered as 
local values, they ware mean values for a short section of the pipe.
Curve 6 in Figure 18 indicated the variation or local Nusselt number 
with Graetz number 4. 2000) for the present investigation, Al. 0
shown in this diagram were the analytical results of several other studies. 
The Graetz solution, equation (4-27), curve 1, was based on a constant 
wall temperature and fully developed velocity and temperature profiles. 
Curve 2 represented the analytical tudy made by Kays [l6] for constanu 
heat input and developing velocity profiles.
.
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The effects of natural convection were considered by Pigforc [2ÿ], 
curve 5, and by Martinelli and Boelter [2$], curves 4 and 5. The results
of the present investigation fell between the latter two curves, although
- , ,  - - T.r.'t.r
Gr Pr L
D
the experimental values of the Grashof modulus, N N — , were approxi.
mately 20^ less.
The mean or average Nusselt number, equation (3-5), was plotted 
against the inlet Reynolds number in Fig. 19. The analytical results 
of Diessler [yj curve 1, and the empirical equation developed by McAdams 
[25] curve 2, both of which were for turbulent flow, were also shown.
The experimental results, curve $, for 5OOO were in close agree­
ment with the anâytical results of D-issler [7].
C. Type of Flow
It is generally assumed that laminar flow exists at Reynolds numbers 
below 2000, and the velocity profile, given by equation (4-2$), is 
attained after a sufficiently long entrance section (L/D / 0.06 
These assumptions have been shoi-m to be correct for isothermal flow, on 
the basis of considerable experimental evidence. Thus they have been 
used as simplifying assumptions for many of the analytical studies on 
non-isothermal flow. One of the purposes of this investigation was to 
obtain, experimentally, the velocity profiles under 'laminar' flow con­
ditions.
The hot-wire anemometer, used for the measurement of velocity, in­
dicated that the flow was not steady, even for Reynolds numbers below 
1000. The fluctuations in the hot-wire readings, however, could be 
attributed to variations of both the temperature and velocity, A.n 
oscilloscope was, therefore, used to study this 'apparent- turbulence- , 
and although it indicated rapid velocity fluctuations and slow tempe^^_u^e
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fluctuations, no quantitative results were obtained. The intensity of 
the fluctuation was noticed to increase
(i) with decreasing flow rate
(ii) with increased center line or mean temperature and 
(iii) by moving the probe towards the wall of the pipe.
The observation of this unsteady motion was also made by Gulati [10], 
who used a hot-wire system to study the non-isothermal flow of air in a 
vertical pipe. Investigations by Hanratty et al., with water flowing in 
a vertical tube, showed complete turbulence at Reynolds number as low as
50.
A number of isothermal runs were also made but fluctuations in 
velocity were not noticed for Reynolds numbers below 2000. The current 
in the hot-wire was observed to fluctuate slightly at a Reynolds number 
of 5000.
D. Velocity Distribution
Figures 20, 21, and 22 which illustrate some of the typical radial 
velocity distributions that were obtained, and the experimental results 
tabulated in Appendix C, indicate that the velocity ratio decreased with 
increasing flow rate. For the ’laminar’ runs. Figure 2$ illustrates the 
variation of the velocity ratio with Reynolds number for two values of
T _ T
the temperature ratio, m o . The errect of this temperature
Tm
(a) ^ 'This temperature ratio is part of the buoyancy or lift force, which
from equation (4-l$c) is :
or T _ T
^o = f g — -
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ratio can be observed to decrease with Increasing Reynolds number. (The 
two curves shown were indications of the trend -in..the experimental values.)
The variation of the velocity ratio with L/D ratio for some of the 
isothermal and non-isothermal runs has been shown in Figure 2k. One of 
the non-isothermal runs, curve 4, presents some interesting results. The 
velocity ratio, which increased for the first 1+5 diameters, decreased at 
greater l/d ratios, This decrease in the velocity ratio was observed for 
most of the laminar runs. Since a majority of the velocity profiles for 
non-isothermal flow were taken at L/D ratios, above 50, the position at 
which this maximum velocity ratio occurred was not obtained,
The 'isothermal' runs, curves 1 and 2 in Figure 24, indicated that 
the velocity profile develops very quickly in the first few diameters 
(l/d < 20) These runs, however, exhibited no appreciable development
■ for the next 20 or so diameters. Since the temperature of the air enter­
ing the test section was approximately 2°F higher than the ambient air 
temperature, it could be possible that 40.diameters were needed to esta­
blish aji isothermal condition or to damp out any turbulence created by 
the entrance. Run Wo. 4 (See Table C-1 (b)) indicated, however, that a 
very small temperature difference between the flowing and ambient air 
was sufficient to suppress the development of the velocity profile.
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CHi\?TERVIIÏ
CONCLUSIONS
The purpose of this investigation was to study the non-isothermal 
flow of air in a vertical pipe. The heat transfer characteristics , 
determined from the variation of temperature in the axial direction, _nd 
the velocity distribution, measured with the hot-wire anemometer, have 
been presented. On the basis of these results, the following conclusions 
are made;
(i) The velocity and temperature were observed to fluctuate for 
all the non-isothermal runs. A non-Iaminar motion existed 
even for Reynolds numbers below 1000 when the temperature 
of the air flowing in the pipe was a few degrees above the 
temperature of the ambient air.
(ii) For the ‘laminar' non-isothermal runs. (N^^^SOOO), the 
velocity ratio, , was observed to increase with (1)
5 - ?o
increasing values of the temperature ratio, — ^ ----, and (2)
m
decreasing Reynolds number. However, the ratio of maximum to 
average velocity was still below the value usually associated 
with isothermal laminar flow, due to the eddying motion created 
by the variation of fluid properties across the tube.
(iii) The velocity profiles for non-isothermal turbulent flow
> 6000) were not affected by the heat loss and thus were 
similar to velocity profiles obtained for isothermal flow. 
Equation (4-pO)'.
60
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(iv) The heat transfer characteristics for laminar flow showed 
agreement with the analytical results of Martinelli and 
Boelter [23] and Pigford [29]. These two studies considered the 
effects of free convection on forced convection. The Wusselt 
numbers for the present investigation were higher than (l) the 
values determined hy the Graetz solution for constant wall 
temperature, Equation (4-27), &nd (2) the results of Kays [I6 ] 
for constant heat input. Both of these latter investigations 
neglected the effects of free convection. The heat transfer 
characteristics for turbulent flow were similar to the results 
of Deissler [7 ]. The results for the mean Kusselt number 
(Figure 19) for inlet Reynolds number below 4000 indicate the 
following relationship
' (8.1)
m  1,
Since ^ was constant in this investigation (^ = 0.012) and using
= 0 .7, equation (8-I) becomes
0.2
(%. V  Ë ) (8-2)
m 1
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APPENDIX A
Table A-1 - Values of Current and Velocity for
Different Resistance Ratios (t^ = 75.0°F)
Velocity
ft/sec
I_.- Current, milliaraperes
RR = 1.2 RR = 1.3 RR = 1.4 . RR = 1.6
0 61.00 72,50 81.80 95.50
.57 65.25 77.38 87.13 101.25
.72 66.25 78.50 88.65 103.00
.89 . 67.25 79.88 89.88. 104.30
1.01 68.00 80.88 90.83 105.40
1.23 69.38 82.50 92.63 107.55
1.51 70.63 83.73 94.13 109.25
1.57 71.13 84.38 94.80 110.00
2.26 73.30 86.50 97.38 112.80
3,07 74.75 88.38 99.50 115.25
3.85 76.13 : ,90.38 101.55 117.50
4.61 . 77,63 92,35 103.80 120.13
5.56 79.25 94.13 105.88 122.25
6.29 80.50 95.63 107.25 123.65
11.00 86.30 102.13 114.50 . 132.13
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Table A-2 (a) - Effect of Temperature on Current Requirements
For 'Hot-Wire* For a Resistance Ratio of 1.2
Velocity
ft/sec
f-
Temperature of Air- Current
ma
Current - 
ma
1.25 76 69.50 69.50
1.24 100 70.00 69.42
1.25 120 70.25 69.50
1.23 164 . •71.25 69.38
1.27 180 71.75 69.62
4.61 77 77.62 77.63
4.59 95 78.13 77.60
4,70 135 79.13 77.80
4.80 185 80.25 78.00
11.00 76 86.32 86.30
11.41 104 87.00 86.40
11.79 144 88.25 87,00
12.51 188 90.13 87.80
ZÏ / 10°F =: 0.209 ma
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Table A-2 (b) - Effect of Temperature on Current Requirements
For 'Hot-Wire For a Resistance Ratio of I.3
Velocity
ft/sec
Temperature of Air,
' : ■ °F .
Current
ma
Current - 75.0°F 
ma
. 1,25 76
<
82.60 82.60
1.24 100 83.25 82.55
1.25' 120 83.75 82.60
1,23 164 84.75 82.50
1,27 180 85,33 82.72
4.61 77 92.40 92.35
4*59 95 92.88 92,30
4.70 135 94.00 92.48
4,80 185 95.38 92.60
11.00 76 102.13 102.13
11.41 104 103.32 102.60
11,79 144 104.80 103.10
12,51 188 106.87 104,00
hi / 10°F = 0.258 ma
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Table A-2 (c) - Effect of Temperature on Current Requirements
For ’Hot-Wire« For a Resistance Ratio of 1.4
Velocity Temperature of Air Current Current - 7$.0°F
ft/sec °F ma ma
1.25 76 92.63 92.68
. 1.24 100 93.33 92.65
1.25 120 94.00 92,68
1.23 164 95.25 92,63 •
1.27 180 96.00 92.75
4,61 77 103.75 103.80
4.59 95 104.38 103.75
4.70 135 105.75 103.90
4,80 185 107,30 104.00
11.00 76 114.50 114.50
11.41 104 115.75 114.90
11.79 144 117.50 115.30
12.51 188 119.75 116.30
Â I  /  10°F s 0.302 ma
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Table A-2 (d) - Effect of Temperature on Current Requirements
For 'Hot-Wire* For a Resistance Ratio of 1.6
Velocity
ft/sec
Temperature of Air
"f
Current
ma
Current - 75.0°F 
ma
1,25 76 . 107.62 107.65
1.24 100 108,50 107.60
1.25 120 109.25 107.65
1.23 164 110.75 107.55
1.27 180 111.75 107.80
4.61 77 120.25 120.13
4.59 95 120.88 120.10
4.70 135 122.50 120,13
4.80 185 124.75 120.50
11.00 76 132.13 132.13
11.41 104 133.50 132.40
11.79 144 135.38 132.80
12,51 188 138.13 134.00
A  I /  10°F = 0,368 ma
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COMPARISON OF HOT-WIRES 
(RESISTANCE RATIO - 1.4)
1
d - inches .00015 . 0002 .OQO5 I
1 - inches .040 .100 ,100
"o - 72.5 . 72.8 75.0
V - mv o 219.6 264.5 179.5
lo - ma . 24.65 56.75 81.88
Bq - (ohms) 552.5 5 445.5 155.0
R^ - ohms 8.916 7.197 2.195
Rç - ohms 6.569 5.141 1.568
“1 = 1 fps.
I^ - ma 26.81 59.88 90.81
2.18 5.15 8.95
t. = 110°FA
B^ - (ohms) 591.0 477.0 145.5
‘'l ■ °F 109.6 110.7 108.7
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APPENDIX B 
EVALUATION OF DIMENSIONLESS PARAMETERS
The dimensionless parameters used in this study were: (1) Grashci 
number, ^Gr^ Nusselt number, (5) Reynolds number, (4)
Prandtl number, N^^j (5) Peclet number, N^^j and (6) Graetz number, N 
Since the properties of the air varied with L/D Ratio, and since no stan* 
dard method for the evaluation of the non-dimensional groups could be 
found, this appendix is included to explain how these groups were deter­
mined.
Figure B-1, shown below, represents a section of the pipe, where 
t^^ and t^^ are the mean and wall temperature at x, t ^  and t^ ^^  =:re the 
mean and wall temperature at x + A:c, and W is the weight flow.
FIG: B-1.
m_-’ \j.
(a) Mean Temperature
Since the velocity profiles were taken mainly at l/d ratios of 55-9 
and higher, the bulk temperature, given by equation (4-1), could not be 
calculated for all l/D ratios. The mean temperature values were, there­
fore determined by the equation
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which showed close agreement with equation (4-1) for the positions where 
the velocity profiles were known.
(b) Grashof Number
The Grashof number at the position x is defined by
(B-2)
X p
where p = ;^ (°R)
ml
AT = T , - T (°R or °F)
ml o  ^ *
and where ^ and are properties of the air evaluated at t^^.
(c) Nusselt Number
The local Nusselt number sho\m in the various graphs, and those 
listed in the tables (Appendix C) are average values over tîs distance x to 
X + A  X rather than actual local values which would be determined using 
equations (4-5)  ^ (4-6), and (4-7). The heat loss is given by equation 
(4-8) and the Nusselt number is, therefore, given by
« S - Tag) “
" m  = A AC k ‘"'5^
V7here and k are respectively the specific heat and conductivity
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t + t
evaluated at ---    , and the AT in the denominator is given by
The average or mean Nusselt number was determined by the following 
equation;
= E f ^m ; ux
(d) Reynolds Number
The Reynolds number at" the position x is given by
where P , 0 and u can be determined from t .
I x' X '^ x
Reynolds number used in the evaluation of the Peclet and Graetz numbers
is based on the average mean temperature between x and x + Ax, i.e.
t + t 
m, m
4 '
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APPENDIX C
Table C-1 (a) - Variation of Temperatures and Dimensionless
Parameters with L/D Ratio
Run No. 4 Barometric Pressure - 29.80" Eg. 
Ambient Air Temperature - 80.0°F 
Measured Weight Flow - 12.50 lbs/hr 
Mean Nusselt No. - I5.6
l/d tm "w ^Re ^Nu •'or Kcz
°F ^F X 10'^
0 715 570 2. 00
5.5 435 270 683 3.85
22.7 45.5
12.4 280 199 780 4.72
17.0 26.5
20.7 210 152 838 4.77
15.8 18.9
29.0 165 120 883 4.26
16.6 14.9
37.5 153 105 918 3.57
15.9 12.4
46.6 114 95. 941 2.50
i4.6 10.6
53.9 102 88 955 1.78
13.7 9.5
60.8 95 84 965 1.281 11.4 8.0
75.5 88 82 974 .72
15.7
89.9 82 80 983 .19
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Table C-1 (b) - Radial Variation of Temperature and Velocity
. . at 3 l/d Ratios
Run No. 4 W = 12.50 Ibs/hr
l/d 53.9 73.3 89.9
- lbs/hr 12.2 12.3 12.1
t - o_ 
m F 102,.0 87.9 82.0
Ü - ft/sec 0.48 0.47 0.466
u /Ü 
max' 1.57 1.51 1.50 .
r/r.
t u t u t U
°F ft/sec °F ft/sec °F ft/sec
.00 103.5 .76 88.8 .71 82. 6 ' .70
.06 103.5 .76 88.8 .70 82.6 .68
.17 103.5 .76 88.6 .68 82.6 .67
.29 103.2 .73 88.6 .65 82.5 .65
.40 105.2 .69 88.4 .64 82.3 .63
.52 102.9 '63 88.3 .61 82.1 .59 •
.63 102.2 .56 88.0 .57 82.0 .54
.75 101.0 .46 87.5 .49 81.7 .47
.86 99.7 .35 87.0 .32 81.4 .32
.96 97.0 .11 85.4 .16 80.3 .15 .
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Table C-2 (a) - Variation of Temperatures and Dimensionless
Parameters with l/d Ratio
78
Run No. 6 Barometric Pressure - 29.20" Hg. 
Ambient Air Temperature - 8l.5°F 
Measured Weight Flow - 14.54 lbs/hr 
Mean Nusselt No. - I5.6
l/d *Re *^ Nu ^Gr
°F X 10"^
0 730 658 1.88
5.5 515 290 750 2.97
16.6 47.3
12.4 560 220 845 4,07
16.2 28.7
20.7 257 l64 , 929 4.64
16.8 21.0
29.0 192 130 995 4.46
16.4 16.8
57.5 155 113 1042 3.81
14.9 14.0
46.6 131 105 1071 3.11
14.9 12.0
53.9 117 99 1090 2.48
14.8 10.6
60.8 108 92 1103 1.99
15.4 9 .2
73.5 95 86 1122 1.12
15.1 7.7
89.9 87 83 1135 0.49
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Table C-2 (b) - Radial Variation of Temperature and Velocity
at 3 l/d Ratios
79
Run No. 6 W = 14.54 lbs/hr
l/d
- lbs/hr
'm-°F 
Ü - ft/sec
53.9
14.3
116.8
0.58
1.46
73.3
14.2
95.0
0.56
1.48
89.9
14.4
87.0
0.55
1.39
=/=o
t
°F
u
ft/sec
t
°F
u
ft/sec
t
°F
u
ft/sec
.00 119.5 .85 96.8 .83 87.5 .77
.06 119.5 .85 96.8 .83 87.5 .77
.17 119.0 .83 96.5 .83 87.5 .76
.29 118.5 .80 96.1 . .80 87.5 .74
.40 118.2 .76 96.1 .77 87.5 .70
.52 117.5 95.8 .69 87.1 .67 •
.63 116.8 .63 94.8 .66 ' 87.1 .65
.75 ' 115.5 .53 94.0 .59 86.8 .59
.86 113.8 .41 93.5 .46 86.5 .42
.96 109.7 ^ .21 90,0 .17 . 85.4 .20
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
80
Table C-5 (a) - Variation of Temperatures and Dimensionless
Parameters with l/d  Ratio
Run No. 7 . Barometric Pressure - 29.05" Hg.
Ambient Air Temperature - 73°F
Measured Weight Plow - I6.74 lbs/hr
Mean Nusselt No. - 15.5
l/d t
m
°F
t
w
°F
% \ u \ r
X 10’^
0 725 760 1.91
'
5.5 510 • 290 867 3.03
18.2 54.5
12.4 360 208 972 4.15
18.1 33.1
20.7 257 170 1070 4.82
17.2 24.1
29.0 196 120 1140 4.76
17.0 19.3
57-3 153 105 1200 4.22
17.2 16.2
45.6 ■ 127 97 1239 3-46
16.5 13.9
55.9 111 89 1265 2.7514.6 12.3
60.8 102 84 1279 2.26
14.4 10.7
73.5 • 91 81 1299 1.53
11.1 8.9
,..89.9 85 80 1511 1.07
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Table C-3 (b) - Radial Variation of Temperature and Velocity
at 3 l/d Ratios
81
Run No. 7 W = 16.74 lbs/hr
l/d
- lbs/hr
‘^m " °F 
Ü - ft/sec
"max/®
53.9
16.8
111.0
0.67
1.44
75.3
16.8
91.0
0.65
1.41
89.9
16.8
85.0
0.64
1.36-
r/r_ t u t u
t u
' 0
OF ft/sec °F ft/sec °F ft/sec
.00 113.0 .96 92.5 .91 85.8 .87 .
.06 113.0 .96 92.5 .91 83.8
.87
.17 113.0 .94 92.5 .89 83.8 .87
.29 113.0 .93 92.2 .88 83.4 .84
.40 . 113.0 .89 91.8 .85 83.4 .79
.52 112.7 .84 91.5 .82 83.0 .76
.65 111.7 .78 91.2 .74 85.0 .72
.75 110.4 ,67 90.7 .65 84.8 , .65
.86 108.0 .50 89.4 .50 84.1 .51
.96 101.9 .25 86.4 .24 82.4 .31
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Table C-4 (a) - Variation of Temperatures and Dimensionless
Parameters with L/D Ratio
Run No, 8 Barometric Pressure - 29.40" Kg. 
Ambient Air Temperature - 76.O^F 
Measured Weight Flow - I9.O3 lbs/hr 
Mean Nusselt No. - I6.7
l/d t t Nm w Re Nu Gr Gz
o„ o_ -6F F X 10
0 730 862 1.96
5.5 520 290 979 3.02
18.4 54.5
12.4 380 225 1087 4.05
17.4 33.1
20.7 285 185 1185 4.72
17.1 24.1
29.0 224 145 1258 4.89
17.1 19.3
37.3 . 180 122 1320 4.62
17.0 16.2
45.6 150 . 110 1369 4.08
16.9 13.9
53.9 130 100 1403 5.46
16.0 12.5
60.8 118 95 . 1425 2.95
16.5 10.7
73.3 101 85 1456 2.00
15.6 8.9
89.9 88 79 1484 1.07
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Table C-4 (b) - Radial Variation of Temperature and Velocity
. . at $ l/D Ratios
85
Run No. 8 . W = 19.03 Ibs/h]r
l/d
Ng - lbs/hr
t - o_ 
m  F
Ü - ft/sec
u /Ü max'
55.9
18.7
130.0
0.77
1.36
75.5
18.9
101.0
0.74
1.37
89.9
19.0
88.0
0.72 
1.34.
r/r
0 t u t u t u
°F ft/sec °F ft/sec °F ft/sec
.00 155.1 1. 05 103.1 1.01 89.0 .97
.06 155.1 1.05 103.0 1.01 89.0 .97
.17 155.1 1.04 102.8 .99 89.0 .96
.29 155.1 1. 03 102.6 .98 88.8 .95 .
.40 132.8 1. 01 102.4 .95 88.8 .92
.52 131.8 .96 102.0 .90 68.4 .88
130.0 .85 101.4 .84 88.0 .82
.75 128.5 .78 100.0 .73 87.4 • .70
.86 125.3 , .59 98.5 .60 86.5 .59
.96 117.0 .55 93.8 1 .54 84.4 .37
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Table C-5 (a) - Variation of Temperatures and Dimensionless
Parameters with l/d Ratio
Run No. 11 Barometric Pressure - 29.65" Hg. 
Ambient Air Temperature - 76.0°F 
Measured Weight Flow - 20.87 lbs/hr 
Mean Nusselt No. - I6.8
l/d "m % e & u »Gr
0 0
F F X 10
0 680 971 2,17
5.5 525 290 1070 3.04
18.2 61.2
12.4 395 236 1177 4. 00
18.4 36.6
20.7 295 178 1284 18.4
4.74
26.6
29.0 227 140 ■ 1375 4.98
18.1 21.1
37.3 181 118 1446 4.71
17.6 17.8
45.6 150 104 ; 1501 4.15
16.5 15.3
53.9 130 98 1539 3.52
16.6 13.6
60.8 118 93 1563 3.00
16.3 11.9:'
73.3 103 87 1593 2.17
14.3 10.0
89.9 91.5 80 1619 1.37
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Table C-5 (b) - Radial Variation of Temperature and Velocity
at 5 l/d Ratios
85
Run No. 11 w = 20.87 Ibs/hr
l/d 53.9 73.3 89/9
- lbs/hr 21.5 20.5 21.3 .
t - o 
m F 130.0 103.0 91.5
Ü - ft/sec 0.85 0.81 0.79
u /Ü max' 1.44 1.36 1.35.
r/^o
t u t u t u
°F ft/sec °F ft/sec °F ft/sec
.00 134.2 1.22 105.1 1.10 95.0 1.07
.06 134.0 1.21 105.1 1.09 93.0 1.06
.17 133.5 1.20 105.0 1.07 92.7 1.04
.29 133.5 1.18 104.8 1.06 92.7 1.02
.40 133.2 ■ 1.10 104.5 1.04 92.4 1.01
.52 132.5 1.04 103.8 1.00 92.0 .98
121.8 .96 103/1 .93 91.7 .93
.75 128.0 .86 102.0 .79 90.7 ■ .85
.86 124.7 .75 100.0 .60 89.3 .69
.96 1_ .1,17.6 .46 95.0 .41 87.7 .58
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Table C-6 (a) - Variation of Temperatures and Dimensionless
Parameters with L/D Ratio
Run No. 12 Barometric Pressure - 29.50" Hg.
Ambient Air Temperature - 8I.O^F
Measured Weight Flow - 25.33 lbs/hr
Mean Nusselt Number - 17.4
l/d tm
t
w ^ R e ^Nu V
°F X 10"^
0 700 1166 2.05
5.5 547 310 1280 2.84
18.4 66.7
12.4 428 243 1393 3.65
18.2 39.8
20.7 336 220 1503 4.34
18.5 28.9
29.0 271 162 1596 4.71
18.0 23.1
37.3 220 136 1681 4.75
17.9 19.5
45.6 185 119 1752
17.5
4.47
16.8
53.9 157 110 1807
17.6
4.01
14.9
60.8 140 103 1843 3.56
18.5 13.0
73.3 119 97 1869
14.7
3.14
10.9
89.9 106 91 1926 1.94
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Table C-6 (b) - Radial Variation of Temperature and Velocity
at 5 l/d Ratios
Run No. 12 W = 25.33 lbs/hr
l/d 53.9 73.3 89.9
Wg - lbs/hr 24.6 25.2 25.2
t - o 157.0 119.0 106.0
m F
Ü - ft/sec 1.08 1.01 0.99
1.51 1.30 1.27
r/fo t u
t u t u
°F ft/sec °F ft/sec °F ft/sec
.00 162.0 .1.41 124.0 1.32 108.0 1.26
.06 161.7 ■ 1.41 123.7 1.51 108.0 1.25
.17 161.4 1.39 123.4 1.30 108.0 1.24
.29 161.0 1.38 123.0 1.28 108.0 1.21
.40 . 160.3 1.34 122.0 1.25 107.5 1.19
.52 159.0 1.29 121.0 1.19 107.0 1.16
.63 157.4 . 1.15 119.6 1.14 106.3 1.07
.75 155.0 1.01 117.6 1.04 105.1 . 1.00
.86 130.0 .89 114.5 .83 103.0 .85
.96 143.0 • 55 108.0 .55 100.5 .62
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Table C-7 (a) - Variation of Temperatures and Dimensionless
, . Parameters with L/D Ratio
Run No. 15 Barometric Pressure - 29.53"
oAmbient Air Temperature - 82.0 F 
Measured Weight Flow - 65.0 lbs/hr 
Mean Nusselt Number - 20.4
L/D tm
°F °F
\ e & u ^Gr
X 10-G
^Gz ,
0 501 3387 3.13
5.5 452 280 3564 3.62
24.1 214.6
12.4 4o4 258 3641 3.82
22.1 119.9
20.7 359 214 3781 4.16
22,2 83.0
29.0 321 195 3901 4.41
21.4 64.4
37.3 290 179 4021 4.6021.2 53.1
45.6 264 168 4125 4.71
22.1 45.5
53.9 241 156 4222 4.7520.6 40.3
6Ô.8 225 145 4293 4.74
18.0 55.2
73.3 205 135 4375 , 4.66
20.0 29.8
89.9 176 124 4330 4.34
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Table C-7 (b) - Radial Variation of Temperature and Velocity
at 2 l/d Ratios
89
Run No. 15 w = 65.0 lbs/hr
l/d 73.3 %^9
- lbs/hr 66.0 66.4
205.0 176.0
Û - ft/sec 3.00 2.86
u /O max' 1.27 1.28
t u t U
°F ft/sec °F ft/sec
.00 214.7 3.82 182.0 3.66
.06 214.4 5.81 182.0 3.66
.17 ■ 214.0 3.80 181.7 3.65
213.7 3.76 181.3 3.58
.40 212.3 3.63 181.0 3.48
.52 210.3 3.48 180.0 3.35
207.0 3.30 178.0 3.20
.75 203.0 3.05 175.0 2.95 -
.86 197/0 2.60 169.3 2.50
.96 178.0 2.00 155.7 1.90
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Table C-8 (a) - Variation of Temperatures and Dimensionless
Parameters with l/d Ratio
Run No. 18 Barometric Pressure - 29.5I" Hg. 
Ambient Air Temperature - 83.0°F 
Measured Weight Flow - 104*7 lbs/hr 
Mean Nusselt Number - 23.9
l /d tm «Re «Nu «Gr «Gz
°F °F X 10“^
0 485 5520 3.22
5.5 455 292 5643 3.44
27.2 339.9
12.4 424 266 5776 3.66
27.0 188.9
20.7 390 245 . 5933 3.91
26.2 129.6
29.0 360 222 ■ 6085 4.13
23.9 99.7
37.5 335 207 6218 4.31
24.4 81.6
45.6 312 195 6345 4.46
23.7 69.4
53-9 292 185 6464 4.56
23.6 61.3
60.8 277 178 6560 4.64 .
21.6 53.6
73.3 255 167 6705 4.70
21.6 45.2
89.9 230 154 6879 4.71
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Table C-8 (b) - Radial Variation of Temperature and Velocity
at 2 l/d Ratios
91
Run No. 18 w = 104.7 lbs/hr
l/d .
- lbs/hr
" m - ° F  
Ü - ft/sec
"max/Ô
73.3
106.3 
254.7
5.16
1.18
89.9
105.4
230.4
4.96
1.22
r/r* t u t u
ft/sec °F ft/sec
.00 266 6.10 239 6.05
.06 266 6.10 239 6.05
.17 265.7 6.10 238.5 6.02
.29 264.5 6. 00 237.5 5.95
.40 262.5 3.90 236.2 5.85
.52 260.0 5.72 233.5 5.70
.65 256.3 5.50 230.4 5.42
.75 250,0 5.20 226.3 5.00 .
.86 242.0 4.82 220.0 4.50
.96 211.0 4.00 203.0 3.43 I
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Table C-9 (a) - Variation of Temperatures and Dimensionless
Parameters with L/d Ratio
Run No. 17 Barometric Pressure - 29.52" Hg.
Ambient Air Temperature - 86.0°F 
Measured Weight Flow - I33 lbs/hr
Mean Nusselt Number - 26.7
l /d t
m
°F
t
w
°F ■
«Re «Nu «Gr
X 10-6
«G:
0 450 ■ 7195 3.45
5.5 428 265 7315 3.60
28.7 440.6
12.4 405 249 7457. 3.78
28.6 243.6
20.7 376 237 • / 7626 3.98
28.2 166.3
29.0 352 221 7783 4.15
28.2 127.4
57.5 330 208 7933 4.29
26.7 103.9
45.6 511 198 8068 4.41
26.1 88.1
53.9 294 188 8195 4.49
26.0 77.7
60.8 281 182 8300 4.55
25.9 67.7
73.3 260 ■ 171 8475 . 4.62
24.7 57.0
89.9 237 160 8676 4.63
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
93
Table C-9 (b) - Radial Variation of Temperature and Velocity
at 2 l/d Ratios
Run No. 17 ■ . ' w = 133.0 Ibs/hi
l/d 73.3 89.9
- lbs/hr 129.7 132.6
260.6 237.0
Ü - ft/sec 6.65 6.38
u /U max'
1.17 1.17
°F
u
ft/sec
t
°F
u
ft/sec
.00 271 7.75 246.0 7.45
.06 271 7.75 246; 0 7.45
.17 270 7.65 245.3 7.45
.29 269 7.56 244.3 7.43
.40 268 7.45 242.7 7.35
.52 264.5 7.25 240.3 7.12
.63 260.5 • 6.78 235.7 6.80
.75 255.0 6.47 232.3 6.30 ,
.86 248.0 5.74 225.7 5.75
.96 230 4.70 212.7
4,70
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FIG. D-1 - HOT-WIRE CALIBRATION UNIT
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FIG. D-4 - FURNACE
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